Introduction
Evidence from surveillance in Europe and elsewhere (Davies and others 2004 , ANON 2006b , EFSA 2008 , and of clinical experience (Taylor 1989 ) is that Salmonella infections of pigs with currently-prevalent serotypes are often widespread but typically asymptomatic. For example, a systematic European Union survey of ileo-caecal lymph nodes at slaughter revealed national prevalences of between zero and 29% of pigs positive and a communitywide prevalence of 10.3%, with 12 countries (including the UK) having prevalences above 10% and only six countries (notably including the Scandinavian peninsula) below five percent (EFSA 2008) . Pig Salmonella infections involve limited invasion of tissues, including pharyngeal tonsils and mesenteric lymph nodes (MLN) (Reed and others 1985 , 1986 , Wood and others 1989 . Recent assessments of human salmonellosis have suggested that around 22% of cases in the Netherlands and 14% of cases in Denmark may be attributed to pork or pork products (ANON 2006a) . Programmes in several countries, including the UK and Denmark, are aimed at reducing the Salmonella risk from pigs entering slaughterhouses by means of biosecurity and hygiene action plans informed by serological monitoring, with financial and marketing penalties for evidence of persistently high seroprevalence. However, it is plausible to consider attempting to completely eliminate Salmonella infections from young pigs through to slaughter weight by various interventions before or at weaning. A body of experimental and small-scale field work suggests that this may be a viable strategy for the pig industry, but it is difficult to design reliable strategies for this highly-desirable goal with the fragmentary evidence that exists. The present review attempts to provide an overview of progress in this field.
Prevalence of Salmonella in nursing pigs
There are limited data on the prevalence of Salmonella infection or excretion in pre-weaned piglets. Individual sampling can be the only reliable guide to piglet infection, as environmental samples will include contamination by the sow. Between 2% and 9% of sucking piglets excreted Salmonella Typhimurium (ST) in an endemically infected German breeding herd (Roesler and others 2005) . In a French commercial herd, 1.2% of sucking piglets yielded Salmonella, again ST, in the context of about a third of farrowing or nursing sows excreting a variety of serovars (Beloeil and others 2003) . In 12 endemically-infected herds in the USA, cross-sectional and cohort studies showed excretion by 3 % and 0.4 % of sucking piglets, respectively. Maximal values for individual farms were 3.5 % and 5 % respectively (Barber and others 2002) . Investigation of five cohorts in two multi-site integrations in the USA showed within-cohort prevalences of Salmonella excretion of between 0.5 % and 7 % of piglets (Funk and others 2001) . Similar ranges of prevalence were seen among nursery pigs and nursing sows in the same study, except for one nursery where 46 % of pigs were excreting. A higher proportion of Salmonella-positive sucking piglets (13.3% overall, 22% on one farm) was reported from a Nigerian survey of five farms (Amaechi and Ezeronye 2006) . It does not appear that farrowing and lactation are periods associated with increased maternal shedding of Salmonella (Nollet and others 2005a) and there is evidence, from a limited number of units, that the proportion of animals in a cohort excreting Salmonella may be lower among lactating sows (zero to 9.1%) than among pregnant sows (17.4 to 41.3%)on the same unit others 2001, Korsak and others 2003) . However, it is not uncommon to observe the excretion of Salmonella by farrowing and lactating sows (Fedorka-Cray and others 1997 , Funk and others 2001 , Barber and others 2002 , Beloeil and others 2003 , Nollet and others 2005b , and substantial contamination of the farrowing environment by Salmonella may also be found others 2001, Wales and others 2009) . Overall, breeding gilts and sows have been found to have a higher frequency of Salmonella excretion than pigs in the nursery, grower and fattener phases (Wilkins and others 2010) although peak excretion appears to occur after weaning (Nollet and others 2005a) . There has been little published work specifically examining risk factors for Salmonella excretion by sows, although health status and pelleted feed appear to be positive risk factors (Kranker and others 2001) .
Sources of infection for weaners
A proportion of Salmonella strains acquired around birth and nursing do appear to persist in older pigs (Berends and others 1996) . One author (Dahl 2008) asserts that certain serovars in sow herds (S. Typhimurium, and probably S. Derby) are more likely to be transmitted through to the finisher stage than others, which may contribute towards variability in the findings of investigations seeking to examine this route of transmission. S. Derby is an example of a broad host range serovar that nonetheless does appear to be stable and persistent in farmed pigs in many parts of the world (Boyen and others 2008) . One strand of evidence for the persistence of pre-weaning Salmonella strains in older pigs is the observation that some piglets excrete the same Salmonella strains before and after weaning. This was reported with S. Typhimurium in a small proportion of piglets in one field study (Beloeil and others 2003) . Further evidence, showing that these carried-over strains can establish in post-weaning groups, comprises correlations between Salmonella strains found in the breeding herd or nursing accommodation and in weaned pigs. Salmonellas detected in the later stages of rearing in three herds included (but were not restricted to) some serovars also found in the maternal herd (Nollet and others 2003b) . Furthermore, clonal strains of S. Typhimurium DT108, S. Anatum and S. Derby were found at all stages of an integrated multi-site production unit (Letellier and others 1999) .
The presence of common Salmonella strains at different stages of production does not provide evidence of a mechanism for the dissemination of strains. It may be that Salmonella could be carried into weaner accommodation directly, via the intestinal or respiratory tracts of piglets or on their body surfaces. A topical iodophor disinfectant applied at weaning to piglets from Salmonella-excreting sows reduced the risk of Salmonella isolation from piglets 10 days later (Patchanee and others 2005) , which suggests that the last route may in some circumstances be significant. However, indirect spread may also occur, particularly on singlesite farrow-to-finish farms (Nollet and others 2005b) . The possibility that indirect routes may be significant is supported by two field analyses, wherein a breeding sow batch being Salmonella-positive was a risk factor for weaner pens being similarly positive (Kjaersgaard and others 2001) , but individual sows excreting Salmonella did not constitute a risk factor for their own piglets excreting Salmonella after weaning (Nollet and others 2003b) . Thus, direct carryover from sow to weaner appears to be a low frequency event, although may be more common in gilt litters where maternal immunity can be weaker. Furthermore it may be that in the common situation where more than one Salmonella serovar is present, indirect infection of weaners with a serovar to which they have little or no passive immunity may be an alternative route.
There is little doubt that cleaning and disinfection (C&D) of post-weaning accommodation (and more generally on pig farms) is often insufficient to remove pre-existing Salmonella contamination (Berends and others 1996 , Funk and others 2001 , Wales and others 2009 , so endemic serovars in weaner and grower accommodation probably constitute one of the major sources of Salmonella in the post-weaning phase, negating the benefits of Salmonellanegative incoming stock (Dahl 2008) . Furthermore, young stock is likely to be immunologically naïve to Salmonella serovars that are endemic in post-weaning accommodation, thereby promoting the establishment and propagation of infections within groups (Berends and others 1996 , Letellier and others 1999 , Funk and others 2001 .
Ingredients for animal feedstuffs are commonly contaminated with salmonellas (Hacking and others 1978 , Jones and Richardson 2004 , ANON 2006b , European Food Safety Authority 2006 . Contamination, by ingredient strains or de novo by endemic feed mill Salmonella strains, is commonly found in the resulting compounded feeds, including those that have undergone heat treatment (Hacking and others 1978, Veldman and others 1995) . Recent data from EU countries shows national rates for compounded pig feed samples of up to 1.7 % Salmonella-positive (European Food Safety Authority 2006). However, this is likely to be an underestimate of the scale of contamination owing to the difficulty of representative sampling of large consignments of feed (Jones and Richardson 2004) . Some studies have shown strong links between the Salmonella contamination of feedstuffs or feed mills and infections of groups of pigs (Newell and others 1959, Österberg and others 2006) . However, whilst serovar patterns in animals can suggest feedmill sources, most strains found in feedstuffs do not readily become established on farms in areas where other sources of Salmonella are more prevalent (Shapcott 1985, Veldman and others 1995) . Whilst endemic serovars are likely to be the principal source of Salmonella infections amongst weaners on pig premises, contaminated or recontaminated feed is considered a significant risk factor and may account for up to 15-30% of Salmonella infections in the finishing period in some situations {Berends, 1996 #800}. In areas with a low prevalence of Salmonella in livestock, such as certain Nordic countries, feed is the usual means of introduction of Salmonella into pig farms (Häggblom 2009) .
Once Salmonella has become established in the environment, or has infected some individuals in a weaned group, experimentally-established routes of transmission to other animals include aerosol, nose to nose contact others 2006, Oliveira and others 2007) and, in numerous dosing experiments, oral ingestion. Nose-to-nose contact was a significant risk factor for Salmonella excretion in one field study (Wilkins and others 2009) . Indirect transmission via environmental faeces was demonstrated to be the likely route in one study where two groups of cross-infected pigs had no direct contact with each other (FedorkaCray and others 1994).
Dynamics of infection in the weaner-grower period
Experimental inoculation studies An experiment using the virulent, host-adapted Salmonella Choleraesuis (Anderson and others 1998) showed that infection of piglets immediately after early weaning at two weeks of age by orally-inoculated seeder piglets was slow and required a high inoculum (nearly 10 9 cfu) among the seeders. However, infection of older piglets (seven weeks) by the same serovar was more readily and rapidly achieved using seeder individuals inoculated intranasally with around 10 8 cfu (Gray and others 1996) . Secondarily-infected piglets in this study did not excrete Salmonella after eight weeks post-exposure, whereas a small proportion of the directly inoculated piglets continued to excrete beyond this time. Many of the piglets in both groups were Salmonella-negative at post-mortem examination between nine and 12 weeks. In the oral inoculation study (Anderson and others 1998) , the concentration of S. Choleraesuis in the caecum of orally-inoculated piglets at seven days post-inoculation was around 10 6 -fold lower than the original inoculum. However, in the nasal inoculum study (Gray and others 1996) the caecal concentration at the same time point and in older piglets was only around 10 4 -fold lower than the inoculum suggesting that, for this serovar, nasal exposure offered more opportunity for bacterial colonisation and multiplication than did oral administration. In comparison to S. Choleraesuis, the virulent non-host-adapted serovar S. Typhimurium appeared to be more persistent in seven to eight week old piglets, dosed orally with 10 10 cfu (Wood and others 1989) . Excretion was observed for at least 22 weeks, but with increasing individual variation after eight weeks post-inoculation. Post-mortem examinations showed persistent localisation in the caecum, ileocolic lymph nodes and tonsils during the 28 weeks of the study. Faecal-oral cycling of infection was considered likely. Similar internal persistence was observed with the same strain at a similar oral dose (Wood and Rose 1992) . In the latter study, counts of ST in the caecum a week after oral inoculation were around ten times higher than the caecal counts of S. Choleraesuis at the same time point in the oral inoculation study by Anderson and others (1998) . To some extent this may reflect a higher initial dose of ST than S. Choleraesuis, but there is also evidence that the latter serovar, being strongly host-adapted, more readily colonises extra-intestinal sites and undergoes less intestinal multiplication and excretion than serovars such as ST that are more restricted to the intestinal tract others 1981, Paulin and others 2007) .
Another study using eight-week-old pigs and a 10 10 cfu oral inoculum of a different S. Typhimurium strain showed uniform excretion only up to three weeks post-inoculation, with more variable isolation in some groups after that (Fedorka-Cray and others 1994) . In the same study, piglets were also secondarily exposed to the inoculum strain via mingling with the inoculated piglets. Interestingly, these uninoculated piglets were rarely found to be excreting Salmonella but showed a high rate of isolation of the test strain at post-mortem examination of ileocolic lymph nodes and in the caecum and ileum. A similar drop-off in the excretion of S. Typhimurium was seen following the inoculation of growers around 20 kg weight with 10 8 cfu (Nielsen and others 1995) . A small proportion of animals showed mild and transient clinical signs post-inoculation, and 60 % excreted at two weeks post-inoculation but only 20 % at four weeks. Nonetheless, a small proportion of pigs yielded the inoculated strain from intestine or tissue samples at post-mortem examination nine to 15 weeks after they were last observed to have excreted it.
Experimental doses of around 10 8 to 10 9 cfu of serovar Choleraesuis and 10 10 cfu of Typhimurium in the above studies induced clinical signs including depression, fever and diarrhoea. A S. Newport strain of bovine and human provenance was inoculated (10 10 cfu orally) into seven-week old pigs (Wood and others 1991) . It yielded similar patterns of excretion and internal persistence to a porcine S. Typhimurium strain reported by others (1989, 1992) , although clinical signs associated with the Newport serovar were much milder. The latent carrier state, in which pig faeces may test negative for Salmonella but which involves reactivation of excretion following stress or intercurrent disease (Berends and others 1996, Larsen and others 2003) , was observed with serovars Typhimurium and Newport in the above studies. It is considered to be important in the epidemiology of infection. Berends and others (1996) asserted that the prevalence of detectably-excreting individuals falls sharply over the first few weeks post-exposure in the rearing and growing phase and becomes intermittent. However, there appears to be great variation in the patterns observed between herds and between studies, even taking into account the differing sample types and methodologies of the various relevant investigations.
Field and intervention studies
A longitudinal study of eight UK breeding farms with established or suspected endemic S. Typhimurium infections (Wales and others 2009) used pooled faeces to establish the proportion of Salmonella-positive pens at each visit, which varied from zero to 85% of weaner pens, and from zero to 81% of farrowing crates. In five Italian farrow-to-finish herds with previous Salmonella-positive samples (Merialdi and others 2008) pooled faeces from pens were infrequently positive (up to 2 of 5 pools positive on any occasion but only 9 of 130 pools positive overall) throughout the weaning-finishing period of one cohort on each farm. At slaughter, 12 of 150 ileocaecal lymph nodes yielded Salmonella.
In three Danish farrow-to-finish herds with S. Typhimurium present, a cohort study using culture of individual faeces samples did not show any Salmonella excretion at weaning (Kranker and others 2003a) . A peak Salmonella prevalence (around 30%) was seen at two months of age; subsequently overall prevalences of around 10% and zero were seen at five and six months respectively, although there was wide variation between cohorts and herds. Fifty-three percent of pigs were culture-positive at any stage, but only 3.7 % were culture positive at more than one monthly sampling.
Cohorts of between 96 and 120 piglets, from 32 to 40 sows, were monitored in three Belgian farrow-to-finish units with endemic Salmonella in the breeding herd others 2003a, 2005b) . The onset of detectable Salmonella excretion was during the postweaning nursery period in one herd and at around 11 weeks of age in another herd. Salmonella was never detected in piglets from the third herd. In the first two herds, increased excretion was seen after moving piglets to grower accommodation.
In an intervention field study, untreated groups of piglets showed a low frequency of excretion of S. Typhimurium (zero to 6.8 % prevalence) from birth to around 18 weeks of age, when a significant increase to 25.8 % was seen (Roesler and others 2005) . A similar pattern was seen in a group treated with a fluoroquinolone antibiotic before weaning.
Serological profiles and correlations with excretion
Serological responses following experimental oral inoculation with Salmonella appear to vary substantially between individuals. One study involved growers (20-25 kg) inoculated with S. Typhimurium and examined serologically with an anti-lipopolysaccharide ELISA prepared using the same serovar (Nielsen and others 1995) . Seroconversion (set at 3.5 % calibrated optical density after reference to negative control sera) was seen in the first animals at seven days post-inoculation, with peak seroprevalence at four to five weeks post-inoculation, declining thereafter. A more conservative 10 % optical density (OD) cut-off, suitable for herd surveys, gave peak seroprevalence at around 80 % of animals, declining to 30 % by 15 weeks post-inoculation, with five of 37 animals excreting Salmonella but not seroconverting at any stage. Individual serological profiles varied substantially in onset and peak OD. Another study using oral inoculation of younger pigs with S. Typhimurium and tube agglutination 'O' antigen tests showed a far more rapid onset and decline of serological responses, peaking at one week post-inoculation and subsiding to pre-inoculation levels five weeks later, despite a high frequency of continuing excretion (Wood and others 1989) . It is possible that the difference between serological profiles in these studies may be largely technical, with the serological assays preferentially detecting different immunoglobulin subsets. Roesler and others (2005) found that the temporal pattern of titres correlated well with excretion of S. Typhimurium in piglets and growers in a field intervention study, using commercial IgG and IgA-specific ELISA assays. However, individual responses did vary widely in both immunoglobulin subclasses. In another field study, seroprevalence by a mixed ELISA in weaners in three farrow-to-finish herds was seen to peak at around four months of age, two months after the peak of S. Typhimurium excretion (Kranker and others 2003a) . When sampled monthly from 2 months of age with a 20 % OD cut-off for seroconversion, only 62% of pigs were sero-positive more than once. In another field study of endemicallyinfected farrow-to-finish herds (Nollet and others 2005b,) serological titres were determined using a mixed Salmonella ELISA. Titres declined from weaning to between eight and 11 weeks of age, depending on farm, then rose significantly until between 16 and 24 weeks of age. On two farms, rising titres correlated with the onset of Salmonella excretion, whereas on the third no excretion was detected, but Salmonella was isolated from tissues at slaughter. Serology can therefore identify occult Salmonella infection in herds where tissues may subsequently prove to be contaminated at the abattoir, however its value in predicting which individuals may have Salmonella-positive tissues at slaughter appears to be negligible (Beloeil and others 2003) .
Maternal/colostral immunity profiles
There is good evidence for a maternal protective effect in respect of Salmonella infection of piglets, which is likely to be mediated via colostral passive immunity. Maternal seropositivity to S. Typhimurium, following naturally-acquired infection, proved protective for excretion of this serotype among piglets in the post-weaned nursery stage (Kranker and others 2003b) . Using a mixed ELISA, sows seropositive to undefined Salmonella serovars were also found to be protective for Salmonella excretion in the nursery period (Nollet and others 2003b) . Furthermore, the same study showed that Salmonella excretion by sows in the farrowing or lactating period was not associated with an increased risk for Salmonella excretion in their piglets during the nursery stage. Maternal seroconversion induced by vaccination, rather than by natural infection, appears to have a similar protective effect on Salmonella excretion by weaners (Roesler and others 2006) , as discussed below in the section on vaccination studies. The relative efficacies of natural infection versus vaccination in this respect are difficult to judge on present evidence, although it might be expected that protection from vaccination may be limited by differences between vaccine and field challenge strains, whilst protection via natural infection would be somewhat unpredictable in practice.
The duration of maternal protection may be estimated by piglet Salmonella immunoglobulin profiles. In one endemically infected herd, a mixed Salmonella ELISA showed piglets to be uniformly seropositive at one week of age and uniformly seronegative at 10 weeks of age (Proux and others 2000) . In another herd in the same study, piglets from a strongly-seropositive sow initially showed high titres that declined over the 11 weeks of the study, whereas piglets of moderately seropositive sows had titres that were low by three weeks of age, and increased from eight weeks, probably owing to the development of active immunity. In 256 piglets from a single herd, mixed ELISA Salmonella titres proved to be minimal at around eight to nine weeks of age (Beloeil and others 2003) , with increasing sow parity and decreasing colostrum immunoglobulin levels being significantly associated with more rapid reductions in titres. Among five farrow-to-finish herds, a mixed ELISA showed that average titres and seroprevalence dropped between 30 and 60 days of age (the seroprevalence to zero in most herds) but rose again by 90 days (Merialdi and others 2008) . Similarly, seroprevalence was minimal in piglets of three herds between four and eight to eleven weeks of age (Nollet and others 2003a) . A S. Typhimurium-specific ELISA showed minimal IgG titres in piglets at between 40 and 60 days of age from uniformly seropositive sows, many of which were excreting S. Typhimurium (Roesler and others 2005) . IgA titres showed a similar pattern, although they rose more rapidly than IgG after 60 days. Individual variation in titres of both immunoglobulin subclasses was minimal at 60 days. In a segregated early weaning trial, without any Salmonella immune stimulation after weaning, 56 earlyweaned piglets from a herd with endemic S. Choleraesuis infection were all seronegative when sampled at 83 days of age (Nietfeld and others 1998) . Soumpasis and Butler (2009) reported a modelling approach to infections with Salmonella of pig groups after weaning. An assumption was made that, with a high environmental Salmonella load, a 'high propagation' scenario would be triggered, with high infectious loading of animals and high-level excretion. The probabilistic model used predicts that extinction of infection within a group by the time of slaughter will be most likely if there is either a very low initial prevalence of excretion, with no infection cycle initiated, or a very high initial prevalence, causing rapid spread and uniform immunity at a relatively early stage of fattening. The size of the animal group had an inverse relation to the chance of extinction of infection. Factors such as pre-existing environmental contamination and long-term carriers with intermittent excretion were not included in the model.
Modelling study

Summary and discussion of infection dynamics
Field dynamics of Salmonella infections probably depend on the virulence and persistence characteristics of serovars or strains present and their sources. For example, novel salmonellas from heavy contamination of a weaner or grower environment may spread rapidly and then decline in the face of immunity, whereas serovars carried over from farrowing accommodation by a few individuals may circulate at a low level amongst a group with some pre-existing immunity to them. Thus, individual farm characteristics including management, feeding systems, biosecurity and hygiene procedures and standards are of significant importance for the field dynamics of a Salmonella infection. Experimental inoculation studies report widely differing durations of excretion among groups of pigs, leading to the suspicion that there are significant factors in individual situations that are at present unclear; these may include Salmonella serovar or strain characteristics, environmental opportunities for recycling of infection and pig genetics. Virulence in pigs does not appear to be a prerequisite for persistence, and neither is high-level exposure needed for internal invasion of intestinal and associated lymphoid tissues.
In broad terms, serological findings reflect those of bacteriological investigations of infection dynamics in the post-weaning period, but individuals vary substantially in the timing and intensity of humoral responses. Sow serological profiles may assist in the prediction of the effectiveness of colostral protection of piglets from Salmonella infection. Most studies indicate that passive immunity has declined to minimal levels by around two months of age. However, it remains unclear at what age piglet susceptibility to Salmonella colonisation starts to rise as a consequence of declining passive immunity. There may be other factors, such as the level and nature of milk immunoglobulins (discussed in the vaccination section) or copraantibodies (intestinal IgA) in sow faeces, which are significant in this respect. These are important considerations for the timing of segregated weaning. Finally, the presence of colostral immunity plus milk immunoglobulins means that it is unclear whether excretion of Salmonella before weaning indicates colonisation of piglets or merely an oral-faecal transit of environmental contamination that ceases rapidly when the piglet is removed from the source of that contamination. These considerations also make it important to establish the rates and sites of Salmonella carriage in piglets at weaning, and large scale post mortem studies are required to elucidate this.
Risk factors associated with excretion of Salmonella in the post-weaning phase
The use of finely-ground pelleted feed (versus coarse meal) for sows and weaners is reportedly a risk factor for Salmonella in weaner faeces, although the risk is considered to be an effect of the feed form on the susceptibility of the alimentary tract to colonisation and replication of Salmonella, rather than the feed being a direct source (Dahl 2008) . The effect of feed form on Salmonella infection is more pronounced in later rearing and finishing stages when less digestible least-cost rations are fed. Some studies of pelleted versus meal feed have found no effect of the feed form on Salmonella prevalence in weaner pens others 2001, Kjaersgaard and others 2001) .
Nose-to-nose contact between pens was a risk factor for pen samples yielding Salmonella among nursery pigs (Wilkins and others 2009 ). Social stress, induced experimentally by repeatedly swapping individuals between groups, was associated with increased S. Typhimurium and coliform excretion in early weaned piglets exposed to the pathogen by seeder animals (Callaway and others 2006) . By comparison, temperature, weaning and social stressors were all associated with increased excretion of an enterotoxigenic Escherichia coli strain in three to four-week-old piglets, but assays of humoral and cell-mediated immune function were not significantly affected (Jones and others 2001) . A non-immune mechanism for the enhanced excretion of the pathogen was postulated.
In older animals, detection rates of Salmonella from faeces culture can rise substantially following transport to slaughter or new premises (Berends and others 1996 , Davies and others 2000 , Larsen and others 2003 , which may be attributed either to new exposure from the group or re-activation of latent infection due to stress, or both. The transport and mixing of pigs at all ages is a feature of many production systems, and it is to be expected that under such stressors a similar rise in Salmonella excretion would be seen among younger animals also.
The protective effects of sow Salmonella excretion or seropositivity upon Salmonella excretion by nursery pigs has been detailed above. Formal risk analyses of infection carryover from Salmonella-excreting nursing piglets to weaner groups have not been reported.
Intervention studies
Vaccination
Many studies on Salmonella vaccination of pigs have been published, the majority of them involving animals vaccinated after weaning, with most reporting beneficial effects but falling short of complete protection (Tunkl and others 1978, Friendship and others 2009) . Recent progress in the field has focussed upon modified live vaccine strains, with attendant benefits including enteral or respiratory administration routes, single-dose protocols and theoretically enhanced stimulation of mucosal and cell-mediated immunity (Wray 2001) . For example, studies with S. Typhimurium in calves indicated that the oral inoculation of attenuated live (aroA-mutant) bacteria, when compared with the injection of killed preparations, provided significantly superior cell-mediated responses and better subsequent clinical protection in the face of virulent S. Typhimurium challenge others 1983) . The use in growing pigs of an aroA mutant of S. Typhimurium as a parenteral (plus or minus oral) vaccine was reported to reduce shedding times following challenge with a virulent Typhimurium strain others 1991, Lumsden and Wilkie 1992) .
Roesler and others (2004) administered a modified live S. Typhimurium vaccine strain with genetic lesions affecting metabolic and outer membrane functions to four-week-old weaners. This induced substantial protection from clinical effects and excretion of a challenge S. Typhimurium dose three weeks later. However, the piglet intestinal immune system does not appear to be structurally and functionally fully mature until around seven weeks of age, probably because it has to achieve an ability to discriminate between harmless and pathogen antigens, much more so than immune mechanisms operating away from mucosal surfaces.
Present evidence (Vega-López and others 1995, Stokes and others 2004) indicates that in the early weeks of life, passive immunity provided by colostrum and milk compensates to some extent for the immaturity of the intestinal immune system and allows the intestinal immunity to develop and refine more slowly than systemic immunity. The histological organisation and the balance of subtypes of lymphocytes and antigen-presenting cells in the lamina propria do not resemble those of the adult animal until this time, and mucosal responses to injected or mucosally-presented antigens lack intensity and discrimination.
Therefore, although there may be some benefit in terms of 'immune priming' associated with early vaccination, enhancing passive immunity by vaccinating sows is considered to be more effective than administering vaccine to sucking piglets (Ojha and Kostrzynska 2007) . The apparently central importance of humoral immunity in resistance by mice to S. Typhimurium (McSorley and Jenkins 2000, Mittrücker and Kaufmann 2000) lends weight to this strategy. Colostral immunoglobulins correlate with the sow's serum immunoglobulin profile, whereas immunoglobulins in sows' milk, which are not absorbed systemically, reflect the patterns seen in maternal intestinal secretions (Bourne 1973 (Bourne , 1976 . Therefore, administering a maternal vaccine of a type and by a route that ensures a good mucosal response may enhance ongoing intestinal defence against Salmonella throughout the preweaning period.
Oral, followed by parenteral, inoculation of pregnant sows with a killed preparation of an endemic S. Typhimurium strain on a nucleus breeder herd (Roesler and others 2006) , was associated with the reduction of Salmonella excretion by sows, the elimination of excretion by piglets and near-complete protection for piglets from seroconversion post-weaning . Control piglets showed similar serovar-specific immunoglobulin levels until weaning, but these rose post-weaning, presumably in response to infection. It is interesting that the serological profiles initially would not distinguish piglets from vaccinated and non-vaccinated sows, but protection against post-weaning infections was clearly extended only to the vaccine group. Mechanisms postulated for this effect include: milk antibody acting locally in the pre-weaned piglet intestine, the colostral transfer of stimulated lymphocytes, and a reduction in challenge from excretion by the sows.
New immunological technologies which may prove equally or more effective in future include highly stable 'ghost cell' vaccines, providing membrane-associated antigen fractions only, and passive immunisation of piglets via egg yolk antibodies in feed (Ojha and Kostrzynska 2007) . There are, however, a number of foreseeable limitations to vaccine programmes against Salmonella in the early life of pigs. These include different vaccines being needed to protect in different phases of development as challenge strains vary, and farm-specific vaccines, frequently against more than one strain, being needed for high efficacy against local strains. In addition there would be limited or no protection against novel strains brought in by water, feed or vectors, and serological freedom from infection would be difficult or impossible to demonstrate. There are also considerable practical and economic difficulties in ensuring that pigs on large commercial farms receive adequate doses of vaccine at suitable times. Limited field studies of vaccination in the UK (authors' unpublished data) have proved to be disappointing in terms of control of Salmonella spp., but may favourably influence the relative occurrence of certain serovars, e.g. S. Typhimurium, that are included in the vaccine.
Competitive Exclusion
Competitive exclusion (CE) trials have generally used undefined anaerobic caecal cultures, or subcultures, from healthy pigs. A caecal culture given at two weeks of age was ineffective against colonisation by a bolus of between 10 4 and 10 8 cfu S. Choleraesuis given one day later (Anderson and others 1998) . A large intestinal culture given to younger piglets, at four and 24 hours of age, reduced pre-weaning transmission and post-weaning excretion of S. Choleraesuis, both from seeder animals inoculated orally with the serovar and from incontacts (Genovese and others 2003) . However, neither prevention of tissue colonisation nor elimination of Salmonella was achieved. A similar subtotal protective effect was seen following administration of a caecal culture at less than12 hours of age plus at weaning (two weeks), against an oral bolus of 10 6 to 10 7 cfu S. Choleraesuis administered a day after weaning (Anderson and others 1999) . Therefore, the limited reports to date suggest that CE needs to be commenced at a very young age to be beneficial, and this benefit is in the realm of reducing rather than preventing Salmonella infection of weaners.
Feed and/or water treatments
Most reports of trials involving treatment of feed and/or water involve animals in the later stages of fattening. Findings in any age group appear to be highly variable between studies, possibly reflecting variation in agents and concentrations used and in Salmonella challenge levels.
Providing weaners purchased from endemically-infected herds with feed supplemented with a high level (2.8 %) of lactic acid reduced the frequency of Salmonella-positive pen samples (Jørgensen and others 2001) . However, feeding weaners at 18 days of age and above with organic or organic plus inorganic acid-supplemented feed had no effect on the presence of endemic Salmonella in faeces (Walsh and others 2007) .
Fattening pigs exposed naturally and artificially to Salmonella in feed, and to 0.9% formic acid also in feed, showed a significant reduction in isolations of Salmonella from internal lymph nodes at slaughter, when compared with those on untreated feed (Vanderwal 1979 ). Four-week-old weaners exposed to S. Derby via seeder animals showed a lower prevalence or duration of excretion when feed was treated with organic acids (0.9% formic acid / propionic acid blend) or 1.2 % potassium diformate, respectively, than controls (Taube and others 2009). However, a field trial with in-feed organic acids from weaning onwards in the context of endemic Salmonella infection showed no benefit in terms of Salmonella excretion or serum ELISAs in the post-weaning and rearing period, or in slaughter meat juice ELISAs (O'Connor and others 2005).
Chlorate salts can effect suppression in vivo of enteric facultative anaerobes, including Salmonella, via a bacterial respiratory nitrate reductase, which converts chlorate to cytotoxic chlorite. Among pigs, significant reductions in large intestinal counts of both inoculated Salmonella and E. coli of the natural flora have been reported from weaners and finishers treated with chlorate preparations others 2004, 2006) . Dietary nitrate was hypothesised to have an antimicrobial effect via the in vivo derived nitrite anion, but supplementing weaner feed with up to 150 mg/kg nitrate did not prove to be protective against colonisation of the foregut by a challenge S. Typhimurium strain (Modesto and others 2008) .
The effects of feed form (pellet versus meal) on Salmonella prevalence have been discussed above. In addition, a strong protective effect of fermented liquid feed, including whey, upon Salmonella seroprevalence and excretion has been reported for finisher pigs (Lo Fo Wong and others 2004 , Farzan and others 2006 , Poljak and others 2008 , an effect that appears to be dependent upon a sufficiently low pH in the feed (Dahl 2008) . Systematic studies on the effects of such feeds on Salmonella in weanling pigs are lacking, but a protective effect would be expected at this age too if the observed benefits are attributable to the pH and organic acid content of the feed. The composition and quality of fermented diets may, however, be an issue in respect of weanling growth and post-weaning diarrhoea (Amezcua and others 2007) . Letellier and others (2000) added 0.02% formic acid to the drinking water of early-weaned piglets and challenged them with S. Typhimurium two weeks later. Reductions in Salmonella colonisation of mesenteric lymph nodes were not observed with this treatment.
Early weaning, with or without transfer to clean sites Medicated early weaning (Alexander and others 1980) was originally trialled at around five days of age, with antibiotic treatment and using only the strongest piglets from a litter. Salmonella was not among the bacteria studied, and problems included mortality postweaning after withdrawal of the antibiotics. The effectiveness of the procedure varied according to the bacterial species examined. With an increased age at weaning (seven to 10 days) and no medication, except carbadox growth promoter, some bacterial pathogens were eliminated, others had the post-weaning infection burden reduced, and others were not controlled (Dritz and others 1996) . Salmonella was again not examined. others (1995, 1998) subjected 56 piglets from a farm with endemic S. Choleraesuis to segregated off-site early weaning at 10-16 days of age. None of the earlyweaned piglets excreted Salmonella and serological Salmonella titres declined and remained low. Control piglets weaned later and left on-farm had increasing titres to S. Choleraesuis by 40 days post-weaning and excreted a number of Salmonella serovars. Sows had been given a modified live S. Choleraesuis vaccine before farrowing, which may have contributed to the success of the procedure.
In another segregated early weaning trial (Fedorka-Cray and others 1997) approximately 400 piglets from two farms were weaned at two to three weeks to separate premises under strict biosecurity. The source farms had endemic salmonellas including serovars Typhimurium and Derby and did not vaccinate against Salmonella. Salmonella was not isolated from rectal, tonsil and nasal swabs from the litters, up to six weeks of age, of Salmonella-excreting sows in four of seven trials. There was no evidence of Salmonella in sows or piglets in two more trials. Dahl and others (1997) used an approach of testing all stages from farrowing to finishing on three farms with endemic S. Typhimurium, and moving pigs from an uninfected stage to segregated, clean accommodation, rather than to accommodation where infection had been detected previously. On one farm, segregated weaning at 21 days to new accommodation from infected farrowing accommodation was practised. This movement and segregation was performed with pigs up to 30 kg, depending on the stages that were infected on-farm. All such segregated groups proved to be negative for Salmonella when faeces and/or slaughter samples were tested, and were seronegative at slaughter. Some of the unsegregated control pigs excreted S. Typhimurium and/or were seropositive.
An early weaning trial was performed for piglets of Salmonella-excreting sows at 10 days of age, without off-site segregation. This reduced but did not eliminate Salmonella excretion 10 days later, compared with conventional weaning at 21 days (Patchanee and others 2005) . Testing of piglets around weaning and diversion of Salmonella-positive individuals to separate premises was associated with elimination of S. Yoruba in an integrated breeding and rearing operation within a few months (Österberg and others 2001) .
It therefore appears to be possible to eliminate Salmonella of persistent serovars from piglets by segregated weaning even from excreting sows, but success is far from guaranteed, even with the high levels of hygiene achievable in an experimental setup (Fedorka-Cray and others 1997). The requirements for clean weaning and excellent hygiene make successful Salmonella elimination by segregated weaning more difficult to achieve in the field (Dahl 2008) . Where a single serovar is endemic and restricted to certain production stages, the chances of success may be higher.
An important consideration is the availability of accommodation, from weaning onwards, that is free from Salmonella contamination. This can be a very challenging requirement in view of the limitations of many disinfectants in farm environments (McLaren and others), the poor efficacy of many cleaning and disinfection regimes (Mannion and others 2007, Wales and others 2009) , the ubiquity of rodent vectors (Berends and others 1996) and the environmental robustness of Salmonella (Guan and Holley 2003) .
It is not clear from the published trials, and from colostral immunity profiles, that weaning before three weeks of age is necessarily advantageous for the elimination of Salmonella. It may be that ensuring good colostral transfer of passive immunity by interventions around farrowing (such as balancing litter sizes, removing weak piglets and provision of adequate warmth and suitable surfaces to ensure piglet vigour and early suckling) and the vaccination of gilts and sows is more likely to ensure success. The rejection of poorly-developing piglets from weaning groups may also reduce the likelihood of Salmonella carryover. The protective effect of maternal passive immunity against a number of diseases is influenced by: parity, milking ability and stability of disease in the breeding herd (Amass 1998) . Similarly, piglet factors include litter size, birth order, birth-weight and any cross-fostering. Careful monitoring of groups of sows, with selection of piglets from groups with no evidence of infection is likely to increase the chance of a successful outcome and to facilitate the development of new Salmonella-free groups of breeding pigs.
Combined and other interventions
In a SPF nucleus breeding herd with endemic S. Typhimurium DT104, the use of peracetic acid disinfection of farrowing and grower accommodation, plus washing the body surfaces of sows with the same agent, resulted in no detectable salmonellae in the farrowing units or on sows (Roesler and others 2005) . Nonetheless, the infection of piglets from birth and into the grower phase by the same DT104 strain was not prevented by this measure, nor by the additional use of acidified feed plus treatment of sows and piglets with enrofloxacin from a week before farrowing until weaning.
Strategies that aim for a comprehensive and persistent pressure to reduce Salmonella challenge and excretion in an infected herd have ultimately met with success in eliminating the pathogen over a period of months in control programmes such as those employed in Sweden (Österberg and others 2001, 2006, Österberg 2010) . These measures are characterised by severe restrictions on the movement and marketing of pigs from infected premises plus intensive efforts at segregation, depopulation, cleaning, disinfection and testing. It is evident that such sustained, thorough and multi-stage interventions can progressively reduce Salmonella infection cycles to extinction, and this approach provides an exemplar for the maintenance of low-or zero-Salmonella herd status. However for pig units, particularly large ones, with longstanding endemic Salmonella contamination and without a regulatory and financial imperative, such sustained intensive control measures have proved difficult to implement effectively due to cost and labour requirements (Wales and others 2009) .
Increased fermentable fibre in piglet diet suppresses clinical manifestations of ST in orally inoculated piglets (Correa-Matos and others 2003), so may have potential for reducing susceptibility to infection in the early post-weaning period. The possible benefits of such an intervention need to be considered with other potential benefits and drawbacks such as reduced gastric ulceration and increased susceptibility to swine dysentery others 1996, Bilic and Bilkei 2003) , although the balance of cost and benefit is likely to differ according to the age of pigs and the presence or otherwise of pathogens other than Salmonella (Jeaurond and others 2008) . There is also always an additional productivity reduction cost associated with providing a less commercial diet, unless this can be offset by the reduced cost of home-milled feed.
Manipulating photoperiod has been shown to affect S. Typhimurium excretion in experimentally seeded groups in a short term study, whereby rectal swabs from pigs subjected to eight-hour days were less frequently Salmonella-positive than were those from pigs subjected to 16-hour days (Edrington and others 2007). In the European Union, legislation (Council Directive 91/630/EEC) prevents the restriction of photoperiod to less than eight hours a day.
Testing
To assist decision-making in, for example, segregated weaning systems, and to evaluate the effects of interventions, it is necessary to have reliable and practicable tests for the presence and burden of Salmonella. For the detection of Salmonella in groups of pigs, pooled faeces have proved to be a sensitive and economical sample Cook 2009, Wilkins and others 2009) , provided that culture of the samples is performed using a sensitive method.
Serology, typically using a mixed anti-lipopolysaccharide ELISA, is a useful tool for monitoring herd infection ante-and post-mortem using serum and meat-drip samples. Roesler and others (2005) found that the temporal pattern of serological titres correlated well with excretion of S. Typhimurium in piglets and growers. However, serological responses are highly variable between individuals and appear to decline substantially one to two months post-infection in immunologically naïve animals (Nielsen and others 1995) . In addition there will always be a delay of at least seven to 10 days between infection of an individual and the onset of a serological response. In view of this, the interpretation of serological data needs to take account of the cut-off values chosen to separate positive and negative results, and serology should be regarded as a tool for examining group, and not individual, status. In addition, the mix of capture antigens used in the test will affect which of the serogroupspecific responses are detected. Often, only moderate agreement is seen in comparative studies of different Salmonella ELISA tests (Poulin and others 2010) . A study at slaughter showed that, whilst a commercial mixed-antigen ELISA with a 20 % OD cut-off produced similar individual animal prevalence values to mesenteric lymph node culture, there was only modest correlation between the animals found positive by the two methods (Nollet and others 2005c) . In addition, the ELISA was insensitive when interpreted at OD cut-off values above 10 % for animals yielding some of the less common Salmonella serotypes from mesenteric lymph node culture. Nonetheless, serological monitoring using appropriate capture antigens can prove sensitive to infection in a group when faecal monitoring may miss low frequency excretion.
Conclusions
The carriage of Salmonella by piglets is readily demonstrated from farrowing accommodation onwards, although it is uncertain whether true infection (with colonisation of the intestinal tract and tissue invasion) occurs commonly under normal conditions in healthy pre-weaned pigs. The patterns of Salmonella infection in the weaner and grower stages can be highly variable, and most interventions, such as feed modification, competitive exclusion and vaccination of young or breeding stock, show variable effectiveness and do not tend to eliminate the problem. One approach that does have the potential to eliminate Salmonella from groups of weaners is segregated weaning to clean accommodation. However, even in experimental environments the technique has often failed to achieve this goal. To be consistently successful in the field, segregated weaning probably requires attention to numerous identified factors and reliable testing protocols in addition to the provision of suitable accommodation and excellent standards of hygiene. However, early weaning (before three weeks of age) may not significantly improve the chance of success, and in any event such a procedure is not permitted under current EU legislation (Council Directive 91/630/EEC). The technique may benefit from assistance by other interventions such as maternal Salmonella vaccination. Systems that aim to minimise the frequency and degree of animal movements, social disruption and bullying could contribute to reducing Salmonella infection levels, and potentially could increase the success rate at preventing Salmonella carryover at weaning.
Experience from the Scandinavian Peninsula, where Salmonella is often associated with feed contamination and infections are addressed by intensive (and expensive) control and monitoring measures, indicates that herd infections typically take some months to clear. The consistent provision of Salmonella-free weaners should be seen as a considerable asset in this context, but the temptation to regard it as a one-step solution should be resisted. In the commonly-encountered endemic situation, Salmonella challenge will initially exist via varied routes and at many stages of production.
Despite some uncertainty about ultimate success rates, the goal of reliably achieving Salmonella-free weaners, or at least freedom from major zoonotic serovars such as S. Typhimurium, would be of major potential benefit to the pig industry in the existing and anticipated regulatory and marketing environment. 
